Abstract-Fission modeling in general-purpose Monte Carlo transport codes often relies on average nuclear data provided by the international evaluation libraries. As such, only average fission multiplicities are available and correlations between fission neutrons and photons are missing. Whereas uncorrelated fission physics is usually sufficient for standard reactor core and radiation shielding calculations, correlated fission secondaries are required for specialized nuclear instrumentation and detector modeling. For coincidence counting detector optimization for instance, the precise simulation of fission neutrons and photons that remain correlated in time from birth to detection is essential. New developments were recently integrated into the Monte Carlo transport code TRIPOLI-4 to model fission physics more precisely, the purpose being to access event-byevent fission events from two different fission models: Fission Reaction Event Yield Algorithm (FREYA) and Fission Fragment Evaporation Leading to an Investigation of Nuclear Data (FIFRELIN). TRIPOLI-4 simulations can now be performed, either by connecting via an application programming interface to the Lawrence Livermore National Laboratory fission library including FREYA, or by reading the external fission event data files produced by FIFRELIN beforehand. These new capabilities enable us to easily compare results from the Monte Carlo transport calculations using the two fission models in a nuclear instrumentation application. In the first part of this paper, the broad underlying principles of the two fission models are recalled. We then present the experimental measurements of neutron angular correlations for 252 Cf(sf) and 240 Pu(sf). The correlations were measured for several neutron kinetic energy thresholds. In the latter part of this paper, simulation results are compared with the experimental data. Spontaneous fissions in 252 
I. INTRODUCTION

S
PONTANEOUS fission is characterized by the emission of bursts of neutrons. If multiplying fissile materials surround these spontaneous fissions, the bursts are amplified to form fission chains. This unique fission chain signature has been used for many decades to detect and authenticate nuclear materials. Most nonproliferation and verification neutron measurement systems rely on detecting the thermalized neutrons. Typically, 3 He tubes record the arrival times of thermalized neutrons. Unfortunately, the neutron properties at the time of emission are obscured by down-scattering. Scintillators, on the other hand, directly detect unmoderated fission neutrons because the inelastic scattering of neutrons on hydrogen results in the emission of a recoil proton, ionizing the scintillation material, and enabling detection on a nanosecond time scale. When fast neutron detectors are used, the neutron-neutron correlation from fission can be used to characterize the fissile samples.
With fast detectors, the characterization of nuclear materials becomes possible by measurements of the fission neutron angular anisotropy. In spontaneous and low energy fission, almost all of the neutron emission comes from the fully accelerated fission fragments whose back-to-back motion is imprinted on the neutron directions in the laboratory frame. Thus small angle correlations are expected from neutrons emitted from the same fragment, whereas large angle correlations arise from the opposite fragments. Anisotropy measurements can provide valuable information for identifying the composition of materials.
General-purpose Monte Carlo codes, such as TRIPOLI-4 ® [1] , Monte Carlo N-Particle 6.2 [2] , TART [3] , and COG [4] , are available for modeling neutron transport. They have traditionally employed "average fission models" for modeling fission, characterized by uncorrelated secondary particle emission. This approximation is sufficient for the calculation of average quantities such as flux, energy deposition, and multiplication. However, correlations are important for modeling anisotropy of fission neutrons, because measurement of anisotropy relies on measuring time-correlated neutrons.
Based on the physics models and experimental data, the event-by-event fission generators Fission Reaction Event Yield Algorithm (FREYA) and Fission Fragment Evaporation Leading to an Investigation of Nuclear Data (FIFRELIN) are able to predict a host of correlation observables, including correlations in neutron multiplicity, energy, and angles, and the energy sharing between neutrons and photons. The combination of the Monte Carlo radiation transport code TRIPOLI-4.10 with these fission generators enables users to directly model fission event-by-event and transport fission secondaries through complex detector geometries while keeping them fully correlated from birth to detection.
In this paper, we propose to compare experimental measurements of the neutron-neutron angular correlations to the correlations produced by the event generators FREYA 2.0.1 and FIFRELIN that have been embedded in a development version of TRIPOLI-4.
This paper is organized as follows. We first describe the fission event generators FREYA, FIFRELIN, and the Monte Carlo radiation transport code TRIPOLI-4. We then present experimental measurements of neutron-neutron angular correlations between 252 Cf(sf) and 240 Pu(sf) fission neutrons. Next, we compare these correlations to those obtained by simulations and discuss the differences between the two fission models. Model parameters are adjusted to best match the experimental data. Finally, we draw our conclusions.
II. FISSION EVENT GENERATORS
FREYA and FIFRELIN are two Monte Carlo codes simulating the deexcitation of primary fission fragments. An initial state is defined by a mass A, a nuclear charge Z , an excitation energy E, a spin J , and a parity π. Kinetic energy is sampled to estimate the total excitation energy to be shared between the two fragments of a binary fission event. Both codes sample mass and kinetic energy from experimental data while charge, excitation energy, and spin-parity are calculated from various assumptions and models (see references in each code sections hereafter for details).
A. FREYA
We will summarize here the physics important to this paper, i.e., the sharing of excitation energy between the two fission fragments. For a complete description of FREYA, the reader is referred to [5] and [6] .
The masses and charges of the fission fragments are sampled. After accounting for the total kinetic and rotational energies of the fragments, one is left with a total of E stat for statistical fragment excitation that is partitioned between them. A preliminary partition, E stat =É * L +É * H , is made according to the heat capacities of the two fragments which are assumed to be proportional to the corresponding Fermi-gas level density parameters. But, because the observed neutron multiplicities suggest that the light fragments tend to be disproportionately excited, the average excitations are modified in favor of the light fragment
where the adjustable model parameter x is expected to be larger than unity. It was found that x = 1.27 leads to a reasonable agreement with ν(A) for 252 Cf(sf) [7] . The value of x has yet to be determined experimentally for 240 Pu(sf). Section IV-B determines this value from neutron-neutron correlation measurements.
B. FIFRELIN
In the FIFRELIN Monte Carlo code [8] , [9] , after sampling mass and kinetic energy from the preneutron emission experimental data, nuclear charge, excitation energy, and spinparity are estimated from the models. Five free parameters,
, are used to determine the initial states of the primary fission fragments. These parameters are related to the spin distribution and excitation energy through a mass-dependent temperature ratio law R T (A). These parameters will be chosen to reproduce a target fission observable such as average prompt neutron multiplicity ν (3.76 for 252 Cf). In this paper, k is set to one. More details on the five parameters can be found in [8] and [9] .
Once the initial state of each fragment of a fission event is known, the deexcitation is performed by a Hauser-Feshbach formalism accounting for neutron/gamma competition. The algorithm has been implemented in a specific way using the notion of nuclear realization developed in [10] for gamma emission and extended here to neutron/gamma coupled emission [11] . A nuclear realization is a nuclear level scheme (energy E, spin J , and parity π of a set of levels written
can be a unique level or a set of levels inside an energy bin. Parameter p stands for "particle" and can be a gamma, neutron, or conversion electron. Parameter α is related to quantum numbers (X L for multipolarity-type of gammas and (l, j ) for orbital and total angular momenta of neutrons). The algorithm also accounts for Porter-Thomas fluctuations of partial widths during the cascade. A nuclear level scheme is constructed from experimental nuclear structure data at low energy [provided by Reference Input Parameter Library-3 (RIPL-3) database] and completed by level density models at higher energies (see [11] for details). Neutron emission is calculated through transmission coefficients involving various optical model parameterizations while photon emission is calculated though strength function models (at low energy, experimental intensities, and branching ratio are considered). During the cascades, several estimators are computed to extract fission observables and a tree of fission events is generated for deeper analysis. Finally, the simulation of a given cascade is finished when a β − , β − n, or ground-state level is reached. In order to compare with the fission experiments, a time coincidence window (between fission fragment and gammas) is considered by accounting for half-lives of nuclear levels provided by RIPL-3 database. The half-life of the initial level is considered in the emission process and the cascade ends III. RADIATION TRANSPORT MONTE CARLO CODE TRIPOLI-4 is a continuous-energy Monte Carlo transport code developed in CEA Saclay, France [1] . It simulates neutron, photon, positron, and electron transport. It is dedicated to shielding, reactor physics with or without depletion, criticality safety, and nuclear instrumentation.
Previous work has been performed in order to use either FREYA or FIFRELIN fission models, instead of nuclear evaluated data from international libraries, when sampling neutrons emitted by neutron induced fission in TRIPOLI-4. First, the Lawrence Livermore National Laboratory fission library was coupled to TRIPOLI-4 to model fission on an event-by-event basis through a direct call to FREYA at each fission [12] . Typically, this led to an increase in simulation time of the order of 15% only. Then, FIFRELIN fission model and TRIPOLI-4 have been coupled through the external files [13] : the standalone FIFRELIN code has to be run beforehand to provide files gathering data for many independent fission events. For both fission models, TRIPOLI-4 produces neutrons from these fission events and simulates their transport up to the detectors. Usual Monte Carlo average tallies, such as fluxes or reaction rates, can then be estimated. For nuclear instrumentation applications, it is useful to store TRIPOLI-4 generated particle tracks into ROOT trees, which can easily be postprocessed afterward by imposing cuts on detector variables, e.g., time and position.
Analog transport mode is also available in TRIPOLI-4 for neutrons and photons [14] . It deactivates implicit capture and produces as many individual secondaries as required by the multiplicity of the reaction, for example in the case of neutron scattering with multiple outgoing neutrons.
For this paper, the production of photons in TRIPOLI-4 through the FREYA and FIFRELIN fission models has been added and the case of spontaneous fission has also been addressed.
IV. NEUTRON-NEUTRON ANGULAR CORRELATIONS A. Experiments
Fig . 1 shows the geometrical configuration of the detector array used to measure the neutron-neutron correlations.
The array consists of 77 scintillators. Each detector in the array is cylindrical in shape, 10.16 cm diameter by 7.62 cm deep and filled with the EJ-301 scintillating material [15] . Thirteen detectors sit over a cavity formed by an octagonal array underneath. Each arm of the octagon is a vertical tower made of eight scintillators. The measurement cavity is also octagonal, with 60 cm between the faces of opposite towers, and stands 50 cm tall. The tightly packed system has 2π solid angle coverage, resulting in an overall geometric efficiency of 50%. Each of the 77 scintillators is individually read out by a photomultiplier tube (PMT).
A 137 Cs source was measured to calibrate the detectors in energy by aligning the Compton edges of the pulse height spectra. Neutron-photon discrimination was achieved using the pulse shape discrimination method [16] , [17] , i.e., by simultaneously measuring the charges in the peak and the tail of the PMT pulse. Using the algorithm outlined in [18] , the detectors were synchronized using the Compton scattering between neighbors.
The purpose of our measurements is to answer the question "are neutrons from spontaneous fission more likely to be emitted back-to-back, at 90°or in the same direction?" Correlations between neutrons arise from fissions simultaneously emitting multiple neutrons. In our experimental method, a pair is tagged as correlated when two neutrons are detected within 40 ns of each other, in which case they are assumed to have originated from the same spontaneous fission. Two detected neutrons are uncorrelated if the second one comes after a delay of at least 100 μs. A time window opens after that delay to count uncorrelated neutrons. The length of this time window depends on the neutron source strength. It is 1 ms for our 252 Cf(sf) source and 100 ms for the weaker 240 Pu(sf) source. The ratio of correlated to uncorrelated event rates is proportional to the probability of detecting two neutrons from the same spontaneous fission. Since we know the locations of all detectors with respect to the source, we can easily derive this probability as a function of the angular separation between the two neutrons. We plot this probability distribution in Figs. 2, 3 , 5, and 6.
The angular correlation between fission neutrons is measured for several neutron kinetic energy cutoffs. Neutron time of flight is applied to filter neutrons in kinetic energy. A photon from spontaneous fission is used to trigger the time-of-flight measurement window and a neutron is employed to close it. This time-of-flight method produces correlation distributions between neutrons that are detector independent. More details on the experimental setup are available in [19] .
Measuring a 230 μCi 252 Cf source in the center of the detection system for 30 min, we obtained the two-neutron angular correlation shown as full circles in Fig. 2 . In this paper, data always refer to the experimental measurements. The different colors identify the neutron kinetic energy cutoffs applied to the neutrons.
While not shown here, there is an overall good agreement between our data and other data sets [20] , [21] , which is encouraging in the light of the fact that our approach is completely independent, including different detectors, experimental setups, and analyses. All distributions presented in this paper are corrected for neutron acceptance and neutron crosstalk. Crosstalk occurs when the same neutron is detected by two or more detectors. It affects primarily the pairs of detectors at the smallest separation angles, because these detectors are neighbors and thus tightly coupled, and they have the least material between them to prevent a neutron from scattering from one detector to the other. Therefore, crosstalk produces an artificially large peak for separation angles approaching 0°. There is no reliable experimental analysis that can isolate counts due to crosstalk on an event-by-event basis, so we resorted to Monte Carlo simulations using FREYA to remove integral crosstalk counts from the experimental coincidences [19] . Fig. 2 shows that for angles smaller than 25°, the neutron crosstalk correction appears to undercorrect the correlations, leading to a small rise. Since neutron crosstalk correction is estimated by simulations, this rise can be attributed to inaccurate modeling of either the scintillation material or the scintillator geometry. It could also be attributed to an underprediction of the zero degree correlation in the FREYA simulation of the neutron crosstalk.
We then proceeded to measure a 4.5-gm sample of 240 Pu (98% pure) of intensity 4590 neutrons/s. The data analyzed were collected by placing the 240 Pu source in the center of the detection system for 23 h. The two-neutron angular correlation is shown as the full circles in Fig. 3 .
B. Simulations
Using TRIPOLI-4 in combination with the fission event generators FREYA and FIFRELIN, we simulated neutronneutron angular correlations. The first simulations are shown for the 252 Cf(sf) source in Fig. 2 , where the open circles and triangles are the FREYA and FIFRELIN calculations, respectively. For FREYA and FIFRELIN, the numbers of fissions simulated were equivalent to 40 and 56 s of data taking, respectively.
The neutron-neutron correlation arises because, while the neutrons are emitted isotropically in the rest frame of the fragment, the boost to the laboratory frame means that the neutrons will preferentially follow the fragments. Thus if one neutron is emitted from each fragment, they will be found at 180°apart while, if both are emitted from the same fragment, the angular separation is 0°. The 0°correlation includes two parts: both neutrons emitted from the light fragment and both emitted from the heavy fragment. Since the light fragment is higher velocity to conserve momentum, the correlation from twoneutron emission from the light fragment at 0°is larger. The three contributions combine to give peaks at 0°and 180°with a dip at 90°.
The light fission fragment also emits neutrons with larger kinetic energy on average, because it receives a disproportionately higher excitation energy than the heavy fragment. Therefore, increasing the neutron energy threshold increases the average energy of the neutrons that remain to form the correlation. Thus, the higher the neutron energy threshold, the larger the bias toward emission from the light fragment and the higher the 0°correlation relative to the back-to-back correlation at 180°. In addition, the higher energy cutoff preferentially selects neutrons that are emitted in the direction of the boost rather than those opposite the boost direction which enhances the 0°correlation as the energy increases.
These effects can be captured by running the fission models without doing any Monte Carlo particle transport. Indeed, the probability that only two neutrons from the light fission fragment are detected in coincidence is given by
where P(ν L , ν H ) is the probability that ν L and ν H neutrons are emitted from the light and heavy fission fragments, and is the probability that a neutron is detected, typically 1.
C 2L can be trivially extended to the heavy fragment. The efficiency-independent factors of C 2L and C 2H are represented as the cyan and green curves in Fig. 4 and show that most twoneutron coincidence from a single fragment can be attributed to the light fragment. The blue curve is the efficiencyindependent factor in the sum C 2L + C 2H . The probability that one neutron from the light fission fragment is detected in coincidence with one neutron from the heavy fragment is given by
and the efficiency-independent factor of this quantity is shown as the magenta curve in Fig. 4 . The red curve represents the ratio
, which is the relative probability that a two-neutron coincidence originates from a single fission fragment as opposed to from both fragments. This ratio is independent of and rises with the neutron kinetic energy cutoff. For cutoffs on the neutron kinetic energy below 2.5 MeV, the ratio
This indicates that if we are to observe two neutrons, we are more likely to observe a single neutron per fission fragment than to observe two neutrons from one fragment and none from the other. This more symmetrical neutron emission implies that the back-to-back correlations at 180°will be stronger than the correlations at 0°. Above 2.5 MeV, the ratio
] > 1 and we are more likely to observe two neutrons from the same fragment and none from the other. This implies stronger correlations at 0°than at 180°. While not shown here, 240 Pu(sf) exhibits the same dependence on energy cutoff, only stronger, which is consistent with observations in [19] . The simulations for 240 Pu(sf) are shown next in Fig. 3 with the same open symbols. The numbers of fissions simulated were equivalent to 6 h and 5 h 15 min of data taking for FREYA and FIFRELIN, respectively.
We note qualitative differences in the 252 Cf(sf) and 240 Pu(sf) correlations due to the different average neutron multiplicities. Since the average neutron multiplicity of 252 Cf(sf) is ∼3.76, each fragment can emit more than one neutron and any two emitted neutrons can be used to form the correlation function. On the other hand, the average neutron multiplicity of 240 Pu(sf) is ∼2.1 so that, on average, the neutron-neutron correlation is formed from the only neutrons emitted during the fission. In addition, the average neutron energy of neutrons emitted from 252 Cf(sf) is higher than those from 240 Pu(sf) so that increasing the energy threshold is more likely to result in two peaks of equal strength for 252 Cf(sf) than for 240 Pu(sf). These characteristics can be observed in the data as well as in the simulations.
While the simulations do not reproduce the data perfectly, both fission event generators qualitatively reproduce the shapes of the experimental data. Without them the distributions would be flat. For angles smaller than 25°, we generally observe deviations between measurements and simulations, likely due to the reasons stated earlier, i.e., insufficient details for crosstalk modeling in the simulation, and so on. 
Let us discuss the FREYA results. FREYA includes several physics-motivated model parameters. In particular, the parameter x describing how the excitation energy is partitioned between the light and heavy fission fragments. If the two fragments are in mutual thermal equilibrium, the total excitation energy will, on average, be partitioned according to the heat capacities of the fragments. However, observed neutron multiplicities suggest that the light fragment tends to be disproportionately excited. Therefore, the average excitation energy is modified in favor of the light fragment. For 252 Cf(sf), x = 1.27, which means that the excitation energy of the light fragment is ∼30% higher than that of the light fragment. For 240 Pu(sf), a default value of x = 1.2 was assumed previously since this was close to the value obtained for 239 Pu(n th ,f). We note, however, that calculations in [19] and [22] , showed that the neutron-neutron angular correlations are sensitive to the value of x. Therefore, we could use our data to determine x for 240 Pu(sf).
To determine the value of x that agrees best with our 240 Pu(sf) data, we compared the data to four different x values between 1.1 and 1.4. The results of the FREYA/TRIPOLI-4 simulations are shown in Fig. 5 . Table I lists the values of the neutron multiplicitiesν,ν L , andν H for the light and heavy fission fragments.
Increasing x for FREYA effectively shifts and tilts the correlation from approximately equal intensity at 0°and 180°w ith x = 1.1 to a significantly higher correlation at 0°for x = 1.4. This behavior can be explained by the characteristics of neutron evaporation, as stated earlier. The higher the value of x, the more neutrons the light fragment emits. This neutron yield asymmetry leads to a larger correlation at 0°. The neutron correlation measurements determined that x = 1.3 gives the best match between simulations and data, a value slightly greater than the original one.
Figs. 2 and 3 show that for energies below 1200 keV, FREYA overpredicts the 180°correlations. The agreement improves at higher energies. We have adjusted x to the measured 240 Pu(sf) neutron-neutron angular correlation data assuming it is single-valued, an assumption common to all isotopes in FREYA. However, comparison with 252 Cf(sf) data on the neutron multiplicity as a function of fragment mass suggests that x should be mass-dependent. Adjusting x as a function of fragment mass may improve the overall comparison of the angular correlation data with the simulations. Compared to FREYA's calculation scheme mentioned earlier, FIFRELIN does not adjust its free parameters to reproduce the neutron-neutron correlation for 252 Cf(sf). The objective of FIFRELIN is to predict fission observables once a fission target observable is achieved. Generally, the average prompt neutron multiplicityν is obtained by adjusting free parameters (temperature ratio law and spin cutoff for primary spin distributions). In the case of 252 Cf(sf), the pair (ν L ,ν H ) is the target observable and consequently the excitation energy sharing between fragments is more accurately estimated. For instance these average multiplicities are, respectively, 2.06 and 1.68 for light and heavy fragment groups (compared with reference 2.05 and 1.70). The mean neutron energy spectrum is also well reproduced ( E n = 2.12 MeV in perfect agreement with Mannhart's standard reference [23] ). Nevertheless the spectrum shape is not perfect and improvements are still necessary. Further investigation is required to explain the deviation of the FIFRELIN simulations, particularly in the angular ranges 70°-90°and 140°-180°, as observed in Figs. 2 and 3 . We have shown elsewhere that it can be greatly improved [24] by adding 2% of scission neutrons (emitted at scission before acceleration of fragments). For 240 Pu(sf), we have no information on the pair (ν L ,ν H ). In such case, FIFRELIN normally defaults to adjusting its four model parameters to reproduce the singleν = 2.14 value. This is not ideal because of compensation that may arise between light and heavy fragments groups. In this paper, in addition toν, angular correlation data can be used to fix the set of model parameters. The effect is shown in Fig. 6 .
The last set of parameters in Table I was selected to achieve an overall good agreement with measured correlations (Fig. 3) .
Nevertheless an underestimation at 90°still persists and we can see that reproducing ν tot is not mandatory to obtain good neutron-neutron correlations. Free parameters in FIFRELIN are related to the initial (E, J π ) fission fragment entry zone (but not directly linked) as it can be done in FREYA. For instance, E L and E H are linked together within a R T = T L /T H law involving the two parameters R min T and R max T as discussed in Section II-B compared with FREYA where the parameter x can be directly tuned to drive E L (E H being automatically modified in a second step). The solution found in FREYA leads to ν L /ν H roughly equal to two but a set of FIFRELIN parameters leading to more or less the same factor (and a totalν = 2.14) does not allow to significantly improve the neutron-neutron correlations (especially around 90°). In addition, a specific ν L /ν H ratio strongly affects the mean neutron spectrum energy as well as gamma multiplicities and other fission observables.
Finally, as mentioned earlier for 252 Cf, an additional source of scission neutron could improve the calculated correlations as it is the case for the prompt neutron fission spectrum. Scission neutrons will affect the correlations especially around 90°because they appear directly at scission of nucleus. Moreover, following the work of Chietera [25] , an anisotropy in the angular distribution of evaporated neutrons in the center of mass frame (connected with a large fragment spin) must Energy spectra of neutrons emitted by light and heavy fission fragments computed by FIFRELIN and FREYA, 240 Pu(sf). Spectra from the combined fragments are also shown in red and magenta. Total spectra are normalized to unity while spectra for light and heavy fragment groups are normalized to ν L /ν and ν H /ν, respectively. influence the neutron-neutron correlations. This additional effect should be considered and analyzed in detail in a future work.
Concerning the different behaviors of the codes against the experimental data, it is clear that the two codes do not emit the same mass-dependent number of neutrons with the same energy spectrum. For instance, Fig. 7 shows that the number of neutrons emitted by the light fragments has not the same behavior in FREYA compared with FIFRELIN whatever the free parameters. Very few neutrons are evaporated by FIFRELIN in the far asymmetric fission (due to the R T (A) law which is minimum for the doubly magic light nucleus) compared with FREYA. This probably impacts the neutron correlations.
Furthermore, because correlations are neutron kinetic energy-dependent, the calculated neutron spectra play a key role. Fig. 8 shows the energy spectra of neutrons emitted by FREYA's and FIFRELIN's fission fragments. FIFRELIN's light fragment neutrons are more energetic than those of FREYA. As mentioned earlier, a harder spectrum increases the relative weight of the 0°correlation compared with 180° correlation especially at high neutron kinetic energy thresholds. This effect can be observed in the correlations of Fig. 3 . Discrepancies between the two codes at 90°are more subtle because they involve both light and heavy fragments.
V. CONCLUSION
The event-by-event fission generators FREYA and FIFRELIN have been integrated into and coupled with the Monte Carlo code TRIPOLI-4. The combination of a physicsbased fission event generator and an established radiation transport code leads to new capabilities: the simulation of correlations that conventional neutron Monte Carlo codes cannot predict. Users can now directly model fissions eventby-event and transport fission secondaries through complex detector geometries while keeping them fully correlated from production to detection. Two-neutron angular correlation distribution was measured for 252 Cf(sf) and 240 Pu(sf) using an array of liquid scintillators. The shape of the correlation distributions depends on how the excitation energy is partitioned between the two fission fragments. Experimental data suggest that the lighter fragment is disproportionately excited for spontaneous fission and thermal neutron induced fissions. With the codes TRIPOLI-4 along with FREYA and FIFRELIN, we were able to reproduce the overall shape of the experimentally measured neutron-neutron angular correlations. Moreover, for 240 Pu(sf), the measured asymmetry was used as a means to adjust the FREYA model parameter x, which controls the energy partition between the fragments. It is important to note that this parameter was so far inaccessible in other measurements. Indeed, there are no existing data available to quantify this energy partition for 240 Pu(sf). Model parameters in FIFRELIN are not directly linked to the excitation energy sharing but temperature and spin distributions before neutron emission. It is thus more difficult to tune on neutron-neutron correlations. Nevertheless without any information on (ν L ,ν H ) the measured neutronneutron correlations are very useful since they are a signature of the excitation energy sharing and thus of the neutron multiplicity per fragment group. In addition, this data can be measured for several neutron kinetic energy thresholds, which enables us to detect potential problems in the simulation of the prompt fission neutron spectrum and its related components such as the anisotropy and the number and energy of scission neutrons.
